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Abstract—The mechanical properties of solidification processed polycrystalline MoSi, and ternary (Mo,
Re)Si, alloys were evaluated by compression testing at elevated temperatures. Rhenium is found to be a
potent solid solution hardening addition to C11, MoSi, at temperatures up to 1600°C (highest temperature
used in the study). Dislocation microstructures, characterized by electron microscopy, are consistent with
the significant hardening exhibited by Re containing alloys. The high hardening rate cannot be explained
by the classical substitutional solid solution hardening theories for metals based on atomic size misfit and
elastic moduli mismatch. Since rhenium “disilicide” is semiconducting and has a Si-deficient stoichiometry
of ReSij 75, the addition of Re to MoSi, may lead to the formation of constitutional Si vacancies which
may pair with Re substitutionals to form point defect complexes. A model that describes the elliptical
strain field (tetragonal distortion) around these point defects is used to interpret the rapid hardening by Re
in MoSi,. Small additions of Re may provide the necessary high temperature strength in MoSi,-based
structural intermetallic alloys for very high temperature applications (~1200-1600°C). © 2000 Acta Metal-
lurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

MoSi, is a potential material for high temperature
structural applications primarily due to its high
melting point (2020°C), lower density (6.3 g/cm?)
compared with superalloys, excellent oxidation re-
sistance, high thermal conductivity, and thermo-
dynamic compatibility with many ceramic reinforce-
ments [1-3]. However, low fracture toughness at
near-ambient temperatures, low strength at elevated
temperatures (> 1300°C) in the monolithic form
and tendency to “‘pest” degradation at ~500°C
have seriously limited the development of MoSi,-
based structural materials. Several recent studies
have attempted to address these issues and have
shown promising results. For example, pest resist-
ant MoSi,-based materials have been developed
using silicon nitride reinforcement [4] or alloying
with Al [5].

+ To whom all correspondence should be addressed.

1 The mixed notation {hk/) and (uvw] is used to differen-
tiate the first two indices from the third for the tetragonal
crystal structure.

Deformation studies, in compression, on MoSi,
single crystals have revealed a variety of slip sys-
tems [6]. For the body-centered tetragonal Cl1
structure of MoSi, shown in Fig. 1, the slip systems
observed were:{013)(100]f, {110)1/2(111], {011)(100]
and {013)1/2(331] [6]. Furthermore, in single crys-
tals with orientations other than [001], compressive
plasticity has been reported at temperatures as low
as —100°C [7, 8]. For the [001] orientation, only the
{013)1/2(331] slip system is observed [6—8]. Due to
the high critical resolved shear stress of this slip sys-
tem as compared with systems with (100] or
1/2(111] Burgers vector, compressive plasticity in
[001] crystals has only been observed at tempera-
tures > 900°C [6-8]. In addition to the slip systems
reported by Maloy et al. [6], the {010}(100] and
{023)(100] slip systems were also observed by Ito et
al. [7, 8]. However, the primary slip vectors
observed in single crystal studies are 1/2(111], (100]
and 1/2(331]. In polycrystals, generally only
1/2(111] and (100] are observed and these account
for only four independent slip systems [9]. For gen-
eral polycrystalline ductility, five independent defor-
mation modes are necessary [10, 11]. Changing the
critical resolved shear stress of the slip systems
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through alloying may be a way to activate all three
slip vectors, (1/2(111], (100] and 1/2(331]), and
obtain polycrystalline ductility. In fact, solid sol-
ution softening has been observed at room tempera-
ture in MoSi, alloyed with Al [12, 13] and
transition metals such as Nb, V and Ta [13]. The
mechanism of softening is not clearly understood,
although first principles calculations [14] indicate
that solutes such as Al, Mg, V and Nb may change
the Peierls stress so as to enhance {013)1/2(331] slip
relative to cleavage. Clearly, more work is needed
to understand how alloying may influence the
mechanical behavior of MoSi,.

With regard to elevated temperature strengthen-
ing of MoSi,, both alloying with W to form Cl1,
(Mo, W)Si, alloys and composites with ceramic re-
inforcements such as SiC have been tried. A
(Mo, W)Si,/20 vol.% SiC composite was shown to
have significantly higher strength than Mar-M247
superalloy at temperatures above 1000°C [15].
However, the strength of the (Mo, W)Si,/20 vol.%
SiC composite dropped by almost an order of mag-
nitude from 1200 to 1500°C; the yield strength at
1500°C was only ~75MPa [15]. A simpler and
more effective way of strengthening MoSi, at elev-
ated temperatures is needed where the strength can
be better retained with increasing temperature
above 1200°C. Our preliminary studies using hot
hardness experiments have shown that Re addition
to MoSi, caused significant hardening up to 1300°C
[16]. Further, it has been reported that alloying
with Re, perhaps in synergism with carbon,
increased the pesting resistance in the temperature
range of 500-800°C [17]. In another preliminary
study [18], polycrystalline (Mo, Re)Si, alloys exhib-
ited a minimum creep rate of ~5x 107%/s at
100 MPa applied stress at 1400°C as compared with
the 1 x 107*/s creep rate exhibited by MoSi,. No
detailed mechanistic study has been performed to
understand the effects of Re alloying on the elev-
ated temperature mechanical behavior of MoSi,.

In the present investigation, we have evaluated
the mechanical properties, in compression, of arc-

.

7.848A

Fig. 1. Unit cell of the body-centered tetragonal Cl1,
structure of MoSi,.

melted polycrystalline MoSi, and (Mo, Re)Si,
alloys. We find that significant strengthening is
achieved up to 1600°C by only small additions of
Re. The mechanisms of elevated temperature solid
solution strengthening are elucidated by considering
the generation of constitutional Si vacancies that
may pair with Re substitutionals to form ‘“tetra-
gonally” distorted point defect complexes.

2. EXPERIMENTAL

(Mo, Re)Si, and MoSi, alloys were prepared by
arc-melting elemental Mo, Re and Si with nominal
99.99% purity in an argon atmosphere. The buttons
were turned over and remelted three to four times
to ensure homogeneity. Rectangular parallelepipeds
with dimensions 2 x 2 x 3 mm® were cut from the
arc-melted buttons. The samples were polished with
SiC paper to 1 um and finished with 0.05 pm col-
loidal silica. A series of (Mo, Re)Si, alloys of differ-
ent compositions was used to determine the
dependence of hardness on composition at room
temperature. Compression testing as a function of
temperature was performed only on the
(Mog9s5Re( 075)Si, alloy. All hardness and com-
pression experiments were performed on polycrys-
talline materials. Compression testing was
performed in air in the temperature range of 25—
1600°C at an initial strain rate of ~1 x 107%/s.
Thin foils for transmission electron microscopy
(TEM) were prepared from the deformed materials
by ion-milling. TEM was performed on a Philips
CM30 operated at 300 kV.

3. RESULTS
3.1. Microstructures

The arc-melted materials studied had large grain
sizes in the range of 100-150 pm. Impurities at
grain boundaries, such as amorphous silica in hot
pressed materials [19], were not found in solidifica-
tion processed materials. In the (Mo;_,Re,)Si,
alloys, for x > ~0.25, ReSi,_, and free Si phases
were observed in addition to the Cl1, (Mo, Re)Si,
phase and hence, the compression testing was per-
formed only on low-Re alloys with ~2.5at.% Re
(i.e. x = 0.075).

3.2. Mechanical behavior

In our preliminary studies, published elsewhere
[16], we found that rhenium “disilicide” actually
had a Si-deficient stoichiometry of Re,Si; and was
much harder than MoSi,—almost twice as hard at
room temperature and more than three times as
hard at 1300°C. The ternary (Mogoa5Req 075)Sis
alloy had intermediate hardness values at all tem-
peratures and the results showed that Re is a potent
solution hardener. Addition of 2.5at.% Re
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increases the hardness of MoSi, by 30% at room
temperature and 100% at 1300°C [16]. The results
of the compression tests performed in this investi-
gation are shown in Fig. 2(a) for MoSi, and in Fig.
2(b) for MoSi, +2.5at.% Re. In these graphs, an
arrow at the end of the curve indicates catastrophic
failure of the specimen. The stress—strain curves
shown without an arrow at the end represent tests
that were stopped prior to fracture. The minimum
temperature at which measurable compressive plas-
tic strain was noted was 900°C for MoSi,, and
1000°C for MoSi, + 2.5 at.% Re. Our data for unal-
loyed polycrystalline MoSi, are consistent with
those of Chang and Gibala [20] who observed com-
pressive plasticity only at temperatures >900°C. In
the temperature range of 750-850°C, modest com-
pressive plasticity was only observed if MoSi, was
pre-strained at 1300°C [20]. As shown in Fig. 2(a),
arc-melted MoSi, can be easily plastically deformed
at temperatures > 900°C; however, the yield
strength drops significantly with increasing tempera-
ture from ~225MPa at 1100°C to ~20 MPa at
1600°C. In the MoSi, + 2.5 at.% Re alloy, compres-
sive plasticity is observed only at temperatures
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Fig. 2. Compressive stress—strain curves at different tem-

peratures for (a) MoSi, and (b) MoSi, +2.5at.% Re

alloys. In these graphs, an arrow at the end of the curve

indicates catastrophic failure of the specimen. The stress—

strain curves shown without an arrow at the end represent
tests that were stopped prior to fracture.

> 1000°C, indicating an increase in the ductile-to-
brittle transition temperature by Re alloying.

The 0.2% offset yield strengths of the unalloyed
and Re-alloyed MoSi, are compared in Fig. 3. Note
that the addition of only 2.5at.% Re, causes the
strength at 1600°C to be an order of magnitude
higher than unalloyed MoSi,. For unalloyed MoSi,
the yield strength drops by about an order of mag-
nitude from 1200 to 1600°C, while for Re-alloyed
material the drop is only a factor of three.
Recently, Inui ez al. [21] have also observed that Re
is a potent solid solution hardening addition to
single crystal MoSi, at temperatures > 1300°C. For
example, in the temperature range of 1300—1500°C
the yield strength of (Mogo7Req03)Si> alloy was
comparable with that of (MoysWqs)Si, for the
same single crystal orientation [21]. Thus, the sol-
ution hardening rate by Re is more than an order
of magnitude higher than that of W in MoSi,, even
at temperatures as high as 1500°C. The mechanism
for such rapid hardening is discussed later in this
article.

3.3. Dislocation substructures

Typical dislocation substructures after compres-
sive deformation at 1400°C are shown in Fig. 4(a)
for MoSi, and in Fig. 4(b) for MoSi, + 2.5 at.% Re
alloys. Regular arrays of sub-grains are observed in
MoSi, with few isolated dislocations. Only (100]
dislocations were observed. This is consistent with
results of Maloy et al. [6] on non-[001] oriented
single crystals where low angle boundaries and
some free (100] dislocations were noted after com-
pressive deformation at 1200—1300°C. The substruc-
ture shown in Fig. 4(a) is consistent with a climb-
controlled dislocation creep deformation mode at
elevated temperature, similar to the class M beha-
vior in pure metals [22, 23]. In other words, due to
the extremely low yield stress of MoSi, at 1400°C,
dislocation glide is very fast and so climb of dislo-
cations past the substructural obstacles becomes the
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Fig. 3. Temperature dependence of 0.2% offset yield stress

of MoSi, and MoSi, + 2.5 at.% Re alloys.
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rate controlling factor. In contrast, addition of only
2.5at.% Re changes the dislocation substructure
significantly [Fig. 4(b)]. Here no significant tendency
to form subgrains is noted and the dislocations are
smoothly curved and randomly distributed. Such a
substructure is consistent with class A or alloy
behavior observed in disordered solid solutions [22,
23]. Thus, the addition of Re increases the flow
stress and changes the elevated temperature beha-
vior from climb-controlled to viscous glide-con-
trolled where the glide of dislocation is restricted by
the solute atoms. In creep tests, this change in the
dislocation creep behavior by Re alloying would be
further reflected in a decrease of the stress exponent
from the pure metal behavior (~5) to alloy beha-
vior (& 3). Preliminary compressive creep testing by
Chin et al. [18] for MoSi, and (Mo, Re)Si, alloys
does show a lower dependence of minimum creep
rate on applied stress in Re-alloyed materials. For
example, for compressive creep at 1000°C, the stress
exponent changed from x4 for MoSi, to ~2.3 for
(Mo, Re)Si, [18].

For the substructure shown in Fig. 4(b), most of
the dislocations have (100] Burgers vectors but
some 1/2(111] dislocations were also observed. For

o
.2 pm

Fig. 4. Bright field TEM images showing the dislocation
substructures in (a) MoSi, and (b) MoSi, +2.5at.% Re
alloys deformed in compression at 1400°C.
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example, the dislocations labeled a, b and d in Fig.
4(b) have (100] Burgers vectors, and those labeled ¢
and e are 1/2(111] dislocation. The dissociation of
1/2(111] dislocations was studied by weak beam
imaging in the (Mo, Re)Si, alloy deformed at
1400°C. A bright field image of 1/2(111] dislo-
cations for reflecting vector g =006 is shown in
Fig. 5(a). For this imaging condition, all dislo-
cations with (100] type Burgers vector are invisible.
Weak beam images (g/3g with g = 002) of the non-
screw dislocations labeled x and y in Fig. 5(a) are
shown in Figs 5(b) and (c), respectively. Split dislo-

® L6 nm

Fig. 5. (a) Bright field TEM image of 1/2(111) dislocations

in MoSi, + 2.5 at.% Re alloys deformed in compression at

1400°C. Weak beam images of dislocations labeled x and

y in (a) are shown in (b) and (c), respectively. The electron
beam direction is ~5-10° from [100].
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cation images with separation of ~3 and ~3.6 nm
are observed in Figs 5(b) and (c). The electron
beam direction in these images was ~5-10° from
[100] towards [110]. Hence, the actual separation
may be in the range of 4-5nm if the dislocations
are dissociated on the (110) slip plane. In unalloyed
single crystal MoSi, deformed in compression at
1100°C, 1/2(111) dislocations were found to dis-
sociate into 1/4(111) partials [6, 7]. High-resolution
imaging of the core revealed a planar core on the
(110) slip plane [6]. The separation of the partials
varied from ~4.4nm for the screw orientation to
~6.8 nm for the 70° orientation [7]. For non-screw
orientations, the separation was found to vary with
orientation due to climb of the edge component.
Our results indicate that Re alloying may increase
the stacking fault energy associated with 1/2(111)
dislocations in MoSi,.

4. DISCUSSION

The most striking result from this study is the
significant elevated temperature strengthening, in
compression, observed in MoSi, alloyed with Re.
Even at 1600°C, the yield strength of
MoSi, + 2.5 at.% Re alloy is an order of magnitude
higher than MoSi,. Over the composition range
where single phase Cll1, (Mo, Re)Si, alloys are
observed, solid solution strengthening is the only
reasonable mechanism by which the yield strength
is increased with Re alloying. In an attempt to
explain the observed strengthening, we first use the
classical theories for solution hardening in metals.

4.1. Substitutional solid solution strengthening

Here we use the Fleischer model [24, 25] devel-
oped for solution strengthening in pure metals by
substitutional solutes. The strengthening arises pri-
marily due to (i) the shear modulus mismatch
between the solute and the matrix atoms, and (ii)
the atomic size misfit between the solute and the
matrix. It is assumed that the stress field around a
substitutional solute is spherically symmetric. The
hardening from this mechanism is usually gradual
with increasing concentration of solute. This is due
to the fact that there is very weak or no interaction
between screw dislocations that do not have a
hydrostatic stress field around them and substitu-
tional solutes with spherically symmetric volume
misfit strain field. Fleischer [24] defined the size mis-
fit (¢,) and modulus misfit (¢;;) parameters as fol-

lows:
o ()
7 a\de

o = &G
¢~ (140.5¢)

where

._l(ﬁ)
=g\ )

In the above equations, da/dc and dG/dc reflect the
rate of change of lattice parameter (a¢) and shear
modulus (G) of matrix with the solute concen-
tration (c). These misfit strains were combined to
give a Fleischer parameter, ¢, defined as

& = leg — Pea|

where f =3 for screw dislocations and 16 for edge
dislocations.

Hence, for a given substitutional solute and
matrix combination, & can be calculated if the
dependence of G and a on ¢ are known. The
increase in shear strength (Ar) as a function of
solute concentration is then given as follows [24]:

_ Gel2cl?

o

At (1)
where o is a material sensitive parameter. For sub-
stitutional solution hardening in f.c.c. metals,
o~ 700. In order to test whether this model may be
applicable, we plot the room temperature hardness
of (Mo, Re)Si, alloys as a function of (/¢ where c¢ is
taken as the atomic fraction of Re in MoSi,, fol-
lowing the approach used by Fleischer for analyzing
solution hardening in B2 intermetallics [26]. The
result is shown in Fig. 6. Note that the hardness
scales linearly with /c as predicted by equation (1).
Thus, we can proceed to use equation (1) to calcu-
late the value of o that would fit the experimental
solution hardening data for (Mo, Re)Si, alloys. In
our previous studies, we have determined the lattice
parameters and elastic constants of ReSi, [27, 28].
We calculate da/dc and dG/dc assuming linear in-
terpolation between MoSi, and ReSi, for ¢ and G.
Using G for MoSi, as 192 GPa [27] and considering
the screw dislocation case (ff = 3), ¢ is calculated as
0.264. At 1200°C, the increase in compressive yield
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Fig. 6. Dependence of room temperature hardness of
(Mo, Re)Si, alloys on square root of the Re concen-
tration.
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strength of MoSi, is 400 MPa for 2.5at.% Re.
Using a Taylor factor of 3, we obtain At~ 133 MPa.
Substitution of Az, &, ¢, and G in equation (1) gives
o = 30. Similarly, using hardness values from
Mitchell and Misra [16] and assuming that hardness
is a factor of three higher than compressive yield
strength, we obtain o = 25 at 1200°C and o = 15 at
room temperature. Thus, the rate of hardening by
Re in MoSiy, i.e. o in equation (1) is on the order
of 15-30. It is well known that in metals o~ 700 for
substitutional hardening [24]. The observed harden-
ing rate is extremely rapid and cannot be treated
within the framework of classical substitutional
hardening theories for disordered metallic alloys.
For B2 intermetallics such as CoAl, Fleischer has
observed a~250 and argued that this is still consist-
ent with the conventional substitutional hardening
theory since intermetallics may have more complex
unit cells and longer Burgers vectors than pure
metals [26]. However, for Ti, Co and Fe alloying in
RuAl, o was found to be in the range of 13-25 [26].
It was suggested that such rapid hardening could
not be explained using the conventional model
shown in equation (1).

In more recent studies, anomalous substitutional
hardening in B2 intermetallics has been reported by
several other investigators [29-31]. It is postulated
that substitutional alloying in intermetallics may
lead to the formation of constitutional vacancies
[29]. Furthermore, depending on the thermal his-
tory, the intermetallic alloys may contain quenched-
in thermal vacancies [29-31]. Precise density
measurements combined with lattice parameter
measurements have been used to measure the
vacancy concentration in B2 aluminides [29]. For
thermal vacancies, vacancy concentration can only
be obtained through such precise measurements.
For constitutional vacancies, the point defect con-
centration is a linear function of the deviation from
stoichiometry and can thus be calculated. We now
explain how Re alloying in MoSi, may lead to for-
mation of point defects and use a model to explain
this anomalous strengthening.

4.2. Anomalous  substitutional
creation of point defects

hardening  through

Our recent investigations of the structure of
ReSi, have revealed that this ““disilicide” has a Si-
deficient stoichiometry of ReSi; ;s (or Re4Siy) [16,
27, 28]. Since “ReSi,” is a semiconductor, it must
have an even number of valence electrons per unit
cell and the stoichiometry of Re,Si; provides this.
Hence, the ternary Mo—Re disilicides are really
alloys in the composition field MoSi,—Re,Si; and
not MoSi,—ReSi,. Thus, the stoichiometry of
MoSi, + 2.5 at.% Re alloy should be expressed as
(MoSi2)0_925(ReSi1_75)0_075, rather than
(MoSi,)g.925(ReSiz)g075. It follows that the

MISRA et al.: RAPID SOLUTION HARDENING

stoichiometry of MoSi, +2.5at.% Re alloy is
(MOQ_925R60_075)Si1_98125, and from this we obtain
the Si vacancy concentration, Vs, of 0.00625 for
this alloy (in other words, one Si vacancy for every
four Re atoms). Thus, we can calculate Vg; for all
the alloys and replot the data of Fig. 6 as room
temperature hardness vs \/Vs; (shown in Fig. 7). A
linear relationship is observed only with /Vs; and
not with Vg;, consistent with the observations of
Pike et al. [29] on B2 aluminides. Thus, the room
temperature rapid hardening may be linked with
the constitutional vacancies that are created in
(Mo, Re)Si, alloys. However, the strain field around
an isolated vacancy may not have a tetragonal dis-
tortion as strong as that around an interstitial [32].
Hence, we believe that rapid hardening due to con-
stitutional vacancies may require pairing of point
defects to form complexes, e.g. Re substitutional
atoms may pair with vacancies. The stress field
around these defect complexes will be significantly
more tetragonally distorted as compared with iso-
lated Re substitutional atoms or Si vacancies.
Furthermore, we note that strengthening by Re is
observed at elevated temperatures as well. At tem-
peratures as high as 1600°C, the isolated consti-
tutional vacancies may be expected to make
dislocation creep easy, thereby reducing or comple-
tely eliminating the strengthening effect due to Re.
Thus strengthening at high temperatures may only
be possible if the Si vacancies pair with the Re sub-
stitutional atoms to form defect complexes.

With regard to the nature of point defects re-
sponsible for strengthening, we believe that consti-
tutional vacancies in (Mo, Re)Si, alloys dominate
and the role of thermal vacancies generated during
testing may be ignored. In other intermetallics such
as FeAl, a thermal-vacancy hardening model has
been used to explain the yield strength anomaly
[31]. According to this model, the anomalous
increase in yield strength with increasing tempera-
ture may be due to increased vacancy hardening
since the concentration of thermal vacancies
increases with increasing temperature [31]. Above a

L — — .
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Fig. 7. Dependence of room temperature hardness of
(Mo, Re)Si, alloys on square root of the Si vacancy con-
centration.
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critical temperature (and hence, a critical vacancy
concentration), the excess vacancies may accelerate
dislocation creep making plastic flow easier. These
two competing mechanisms result in a peak in the
yield stress vs temperature curve [31]. In our case
significant strengthening is observed well above the
peak temperature of the flow stress anomaly
(~800-900°C) of unalloyed MoSi,. Hence, we
focus only on constitutional vacancies and, in order
to explain rapid hardening at all temperatures, we
use the hypothesis that point defect complexes form
between Si vacancies and Re substitutional atoms.
Anomalous solution hardening has also been
reported in ionic crystals upon substitutional alloy-
ing with aliovalent cations [33]. For example, in
MgO the solution hardening rate due to Fe*" is an
order of magnitude greater than that due to Fe*”"
[34]. 1t is generally accepted that this effect is due to
the complexes formed by the aliovalent cations with
their charge compensating defects that can either be
vacancies or interstitials [33]. Such a paired defect
complex will cause both an elastic and an electro-
static distortion of the lattice; however, the elastic
distortion was found to be the dominant factor [33].
Similarly, the constitutional vacancies formed in
MoSi,—Re4Si; alloys may pair with the Re substitu-
tional atoms to neutralize the extra electron carried
by the Re atom. The detailed structure of the point
defect complexes that form is unclear. Two possible
defect complexes are shown schematically in Fig. 8.
A Si vacancy may pair with a Re substitutional
atom to form a strain dipole [Fig. 8(a)].
Alternatively, since the stoichiometry of rhenium
“disilicide” is ReySi;, one Si vacancy is expected for
every four Re substitutional atoms; hence, four Re
atoms may cluster around a Si vacancy as shown in
Fig. 8(b). Since the number of valence electrons in
Mo atoms is six and in Re atoms is seven, Re
atoms increase the electron-to-atom (e/a) ratio of

(a) [100] (b) [001]
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O 0.0 O:Mo Siooo&ojeooo
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010] T_,[OIOJ

Fig. 8. Schematic of the paired Re substitutional atom and
Si vacancy point defect complex in MoSi,—Re4Si; alloys:
(a) one Re substitutional atom paired with one Si vacancy
shown in a [100] projection; (b) four Re substitutional
atoms paired with one Si vacancy shown in a [001] projec-
tion. The unit cells in both projections are indicated by
dotted lines. The elastic strain field caused by these defect
complexes is elliptical rather than spherically symmetric as
around a substitutional solute.

MoSi,. The pairing of Si vacancies with Re atoms
will locally reduce the e/a ratio, similar to the pair-
ing of aliovalent cations with charge compensating
point defects in ceramics. The strain field around
this point defect complex will be elliptical (tetra-
gonal distortion) rather than spherically symmetric
as around substitutional solutes. Thus, the strength-
ening obtained will change significantly since dislo-
cations will interact differently with these defects.

The interaction of dislocations with the elastic
strain field of such defects has been modeled by
Mitchell and Heuer [33] using anisotropic elasticity
for cubic crystals and Friedel statistics (localized in-
teractions between point defects and dislocations).
The Mitchell-Heuer model is as follows:

32 12/ 23 30\ '/
A ( 1.2??(12) (@) M APPGIIP
47Q'3); b Y

@

where At is the increase in the shear stress, Qg is
the volume of the defect complex, Q is the atomic
volume per substitutional, 4 is the perpendicular
distance between the dislocation glide plane and the
center of the tetragonal distortion, ff=2/3 for
screw and 1 for edge dislocations, d is the separ-
ation between an aliovalent cation and its charge
compensating defect, M = 1/(1 —v) for isotropic,
o= (Cyy — C12)/2Cy4 is the anisotropy factor, y =
I'/Gh?> where T is the line tension and b is the
Burgers vector, and Ag¢ is the “tetragonality” of the
complex, i.e. the difference between the strain along
the major and the minor axes of the elliptical strain
field. For spherically symmetric distortion, Ae = 0.
The Atoc A&’/ dependence results from Friedel stat-
istics; using Mott statistics for diffuse interactions
between solute and dislocation would result in
AtocAe dependence [33].

To use this model, all factors are either known or
can be approximated knowing the lattice and elastic
constants except for Ae. Hence, we fit the model to
the strengthening data at 1200°C and obtain Ae.
We have assumed Q; =Q =05, d=1=b, f =2/3,
o=1, v=0.151 and a Taylor factor of three to
convert shear stress to uniaxial stress. For 2.5 at.%
Re, Vs; is shown in Fig. 7. We thus obtain Ae¢ =
0.27. In other words, for an elliptical strain field
around this defect complex, the difference in strain
along the major axis and the minor axis is 0.27.
Since there is no direct way to measure Ag, we com-
pare the value with other cases of tetragonal distor-
tions. The most common example of rapid solution
hardening is due to interstitials, either impurities or
self-interstitials [25]. For carbon in Fe, A¢ is 0.41
[35]; for interstitial Cu atoms in Cu, the calculated
value of Ag¢ is 0.55 [36, 37]. For the different ionic
crystals studied by Mitchell and Heuer [33], Ae
values ranged from 0.07 to 0.57 depending on the
material and temperature. Hence, we conclude that
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our calculated value of Ae =0.27 is consistent with
the “‘tetragonality” observed in other investigations
of rapid solution hardening. Of course, more work
is needed using positron annihilation spectroscopy
to determine the concentrations of vacancies in our
alloys. Also, creep testing is needed over a range of
temperatures and stresses to fully assess the effect
of Re alloying on the elevated temperature strength-
ening of MoSi,. Nevertheless, this work has ident-
ified that small additions of Re can significantly
enhance the high temperature strength of MoSi,.
However, the room temperature toughness of
(Mo, Re)Si, alloys is comparable with MoSi, [16].
Recent studies have shown that elements such as Al
and Nb in small amounts (1-2 at.%) can lower the
room temperature hardness and enhance plasticity
of MoSi,, without significantly affecting the elev-
ated temperature strength [12, 13]. Hence, it may be
possible to develop quaternary (Mo, Re)(Si, Al),
alloys with higher elevated temperature strength
and higher room temperature ductility as compared
with MoSi,. The structure and properties of these
quaternary alloys are currently being studied in our
lab and will be published later.

5. SUMMARY

We have observed that small additions of Re
(<2.5at.%) cause a significant increase in the com-
pressive yield strength of polycrystalline MoSi, up
to a temperature of 1600°C. This rapid solution
hardening cannot be explained using the conven-
tional Fleischer model of substitutional solution
hardening assuming a spherically symmetric strain
field around solutes. Since the stoichiometry of
“ReSi,” is in fact ReSi; 75, the MoSi,—ReSi; 75 “dis-
ilicide” alloys will actually be Si-deficient and con-
tain constitutional vacancies. Since Re has a higher
electron-to-atom ratio than Mo, we postulate that
Si vacancies may act as charge compensating
defects and pair with Re substitutionals to create
point defect complexes. The rapid hardening can
then be attributed to the elliptical strain field
around these point defect complexes, following the
Mitchell-Heuer model originally developed for
ionic crystals.
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